the onset of cell wall invagination, however, FtsZ moves to the inner surface of the inner membrane, where it Department of Molecular Biology and Microbiology accumulates into a narrow ring that surrounds the cytoCase Western Reserve University School of Medicine plasm at the prospective division site. During division, 10900 Euclid Avenue the ring constricts as FtsZ remains associated with the Cleveland, Ohio 44106-4960 leading edge of the ingrowing septum. After cell separation, FtsZ is again found in the cytoplasm (Bi and Lutkenhaus, 1991; Addinall et al., 1996). Summary A host of data has stressed the importance of the FtsZ ring in the division process, and efforts have focused on FtsZ is a soluble, tubulin-like GTPase that forms a understanding how it is formed and how it affects cell membrane-associated ring at the division site of bacwall invagination. Several studies have suggested that terial cells. While this ring is thought to drive cell conrecruitment of cytoplasmic FtsZ into the ring involves a striction, it is not well understood how it is assembled self-assembly reaction with intriguing similarities to the or how it affects cell wall invagination. Here we report incorporation of eukaryotic tubulin into microtubules. that FtsZ binds directly to a novel integral inner-memModest but significant similarities exist between the pribrane protein in E. coli that we call ZipA. We present mary structures of FtsZ and tubulin, and the purified 40 genetic and morphological evidence indicating that kDa FtsZ peptide has been shown to be a self-associatthis interaction is required for cell division, and show ing GTPase that can form polymers remarkably similar that a fluorescent ZipA-Gfp fusion protein is located to microtubular protofilaments and protofilament sheets in a ring structure at the division site, both before
as well as a substrate site for the catalytic domain of heart muscle kinase, such that tagged proteins can be rapidly purified and subsequently radiolabeled with 32 P under mild conditions. Affinity blots containing the soluble and insoluble fractions from cells of strain PB103 were incubated with either radiolabeled HFKT-FtsZ (Figure 1b) or HFKT-MinE (Figure 1c) . Interestingly, HFKT-FtsZ bound strongly to a factor with an apparent molecular weight of 50 kDa that was exclusively present in the crude membrane fraction (lanes 1 and 2). Binding to this component was judged to be mediated specifically by the FtsZ portion of HFKT-FtsZ for two reasons. First, neither HFKT-MinE ( Figure 1c ) nor several other HFKT-tagged protein probes (not shown) bound to this molecule. Second, native unlabeled FtsZ, which was purified by a different method than HFKT-FtsZ (de Boer et al., 1992a) , effectively competed with the labeled protein for binding to the 50 kDa band (not shown). This band corresponded to a new protein (see below), which we named ZipA, for FtsZ interacting protein A. The strength of the signal was unaffected by addition of GTP to the incubation mixture (not shown), suggesting that binding of HFKTFtsZ to the nucleotide did not alter its affinity for ZipA in this assay.
As indicated in Figures 1 and 2 , both protein probes showed some binding to the abundant outer membrane porins OmpF and OmpC. Binding to the porins was also observed with a number of other protein probes (not shown) and was therefore considered to be nonspecific. tentatively assigning ZipA to the inner membrane. None different amounts of this same extract. Lanes 1-5 of (a) and lanes 1-4 of (b) and (c) contained 80 g protein, whereas lanes 5-7 of (b) of these treatments led to the solubilization of the major grown at 32ЊC (lanes 1, 3, and 5-7), or first grown at 32ЊC for 1 hr
To conclusively assign ZipA to the cytoplasmic memand then shifted to 42ЊC for 270 min (lanes 2 and 4 (Ishidate et al., 1986) . Treatment by sedi- (SG1) separated crude membrane into four membrane fractions-Ia, Ib, II, and III-of decreasing densities (Figure 2c) . The majority of membrane protein was found on techniques described by Blanar and Rutter (1992) . To this end, we used fusion proteins in which a novel in fractions Ia, Ib, and III, corresponding to bulk outer membrane (OM), light outer membrane (OML), and bulk 54 aa tag sequence (HFKT) was fused to the N terminus of either the FtsZ or MinE (de Boer et al., 1989) protein.
inner membrane (IM), respectively. Aliquots of each fraction were assayed for the presence of ZipA (Figure 2e , The HFKT tag contains a stretch of histidine residues lanes 1-4), revealing that the bulk of the protein was recovered in the IM fraction (lane 4).
To show that ZipA had not fortuitously cosedimented with IM in SG1, the remainder of each of the four membrane fractions from SG1 was subjected to flotation fractionation in a second sucrose gradient (SG2) and again assayed for the presence of ZipA (Figure 2e , lanes 5-8). Figure 2c shows the gradient profile of the IM fraction (fraction III of SG1) after flotation in SG2, and Figure 2e (lane 8) shows that ZipA was still associated with this fraction. Taken together, these results demonstrated that ZipA is an integral inner-membrane protein.
Isolation and Sequence of the zipA Gene
The gene for ZipA was isolated by expression cloning and found to be located on the E. coli chromosome between lig, the gene for DNA ligase (Ishino et al., 1986) , and cysZ, a divergently transcribed, nonessential gene of unknown function (Byrne et al., 1988) . Sequencing of this region (Figure 3 ) revealed the presence of an open reading frame (ORF) that, like lig, is transcribed in the counter-clockwise direction. The ORF encodes a polypeptide of 328 aa with a calculated molecular weight of 36.4 kDa. As described above, however, the ZipA protein migrated as a significantly larger (50 kDa) species in SDS-PAGE gels, implying either that the protein migrated aberrantly in the gels, or that the newly identified ORF was not the gene for ZipA. To distinguish between these possibilities, we determined the relative levels of ZipA in cells carrying multiple copies of the ORF on plasmids. As shown in Figure 1b experiments where it was found that depletion of this The nucleotide sequence of the zipA locus and the deduced primary structure of the ZipA protein are shown. Possible Ϫ10 and Ϫ35 promoter regions (solid under-or overlining) and ribosome binding sites (carets) are indicated. The sequence was assigned GenBank accession number U74650. From the PstI site at nt 1239 to the HindIII site at nt 1733, the sequence was identical to that previously reported (Ishino et al., 1986) .
are known to block membrane transport (Pugsley, 1993) , typhimurium. Like E. coli ZipA, the predicted product of H. influenzae ORF HI1101 contains 328 amino acid suggesting that, upon insertion of the N-terminus in the inner membrane, the basic region of ZipA prevents furresidues, and best-fit analyses indicated good homology over the complete length of both peptides (51% ther export of the protein. Although hydrophobic regions other than the N-terminus are present in the protein, similarity, 28% identity), but especially in both terminal domains (not shown). Interestingly, the immediate connone appear to be of sufficient length (Ͼ12 aa) to traverse the membrane, suggesting that the N-terminus text of the locus has been conserved as well, in that HI1101 is flanked by homologs of lig (HI1100) and cysZ acts as the sole membrane anchor. Consistent with this interpretation, we found that removal of the N-terminal (HI1102) (Fleischmann et al., 1995) . These findings strongly indicate that ORF HI1101 is in fact H. influenzae region of ZipA yielded a soluble protein that was no longer membrane-associated, and that native ZipA was zipA. In addition, the 33 residues encoded by a partially sequenced ORF upstream of the S. typhimurium cysZ left intact upon protease treatment of spheroplasts (not shown). Based on these considerations, it can be pregene (Byrne et al., 1988) are identical to the N-terminal residues of E. coli ZipA, indicating that zipA is present dicted that ZipA is a simple, bitopic membrane protein of type Ib with the N-terminus traversing the inner memin S. typhimurium as well. Convincing homologs were not detected in the genomes of Mycoplasma genitalium brane once, and the rest of the protein residing in the cytoplasm. Proteins of this type are rare in bacteria, and (Fraser et al., 1995) or Methanococcus jannaschii (Bult et al., 1996) , suggesting that zipA in these organisms is ZipA may be the first such protein identified in E. coli (Pugsley, 1993) .
either absent or has diverged beyond recognition. Within the predicted cytoplasmic part of ZipA lies a region (aa 86-188) of 103 residues, of which 31% are Overexpression of zipA Blocks Cell Division Because we initially encountered difficulties in stably proline and 23% are glutamine. Proline-rich regions (PRRs) of this type often form extended, conformationmaintaining zipA on multicopy plasmids, we used a repA ts derivative of the moderate copy number plasmid ally restricted structures (Williamson, 1994) , and the PRR of ZipA may, similarly, form a long rigid linker between pSC101(pMAK700) to construct pDB315 [repA ts , zipA] and pDB316 [repA ts , zipA⌬PstI] . The repA ts allele renders the membrane anchor and the C-terminal domain (aa 189-328) . This would cause the latter to be protruded plasmid replication temperature-sensitive, causing the copy number to decrease with increasing temperature into the cytoplasm for some distance, which may be required for proper ZipA function. (Hamilton et al., 1989) . Although pDB315 could transform strain UT481 at 35ЊC, causing a partial inhibition Database searches revealed the presence of zipA homologs in both Haemophilus influenzae and Salmonella of septum formation, growth at 32ЊC led to a complete 
The plasmids in the first column were derivatives of pSC101 and, except pCH34 (repA ϩ ), were temperature sensitive for replication (repA ts ). The plasmids were used to transform PB103, which, as indicated, already carried a compatible plasmid in some of the experiments. Transformants were inspected by phase microscopy after growth at 32ЊC. WT, normal cells; Min Ϫ , many short cells and minicells; WT/Min Ϫ , normal cells and a small amount of minicells; NT, no transformants at either 32ЊC or 35ЊC. The results were identical with UT481 except that pDB315 could be introduced at 35ЊC, giving rise to a severe division defect which became lethal at 32ЊC. to possible defects in DNA replication.
ϩ/Ϫ, charged domain; P/Q, proline/glutamine rich domain; C, C-terminal domain.
Suppression of ZipA-Induced Division Inhibition by FtsZ
Since ZipA bound to FtsZ in the affinity-blotting assay, block in cell division, preventing colony formation on solid media. Attempts to transform a different wild-type it was possible that ZipA overexpression interfered with FtsZ function. To test this idea, we determined the phestrain, PB103, yielded no colonies at either temperature. , 1992b) . As exfurthermore, showed a normal division phenotype, even at 32ЊC (Table 1) .
pected, PB103(DB322)/pZC100 stopped dividing in the presence of IPTG (Figures 5a and 5b ; Table 2 ). In conTo further study the zipA-induced division block, we used a lysogenic lambda derivative (DB322 [P lac ::zipA]) trast, PB103(DB322)/pDB193 showed the minicell phenotype, typical of FtsZ overexpression, in the absence that carries the zipA gene under control of the lac promoter (Figure 4a ). The phenotype of lysogen PB103 or presence of inducer (Figures 5c and 5d ; Table 2 ). Similarly, although strains PB103 and UT481 failed to (DB322) was normal when cells were grown in the absence of IPTG (Figure 5a ). In contrast, growth in the maintain pDB315 [repA ts , zipA] at 32ЊC, they were readily transformable with this plasmid, provided that the cells presence of IPTG led to the formation of filamentous cells (Figure 5b ). No partial constrictions were observed already harbored a compatible plasmid overexpressing ftsZ. Cells containing pDB315 together with either pZAQ in these filaments, indicating that cell division was blocked before the onset of cell wall invagination.
[ftsQAZ] or pDB260 [ftsZ] displayed the hyperdivision phenotype normally induced by these plasmids Two endogenously produced division inhibitors, MinC and SfiA(SulA), are able to cause a similar block in cell (Table 1) . These results demonstrated that overexpression of division by interfering with FtsZ ring formation (Huisman et al., 1984; de Boer et al., 1990b; Bi and Lutkenhaus, FtsZ relieved the division block imposed by a high level of ZipA, suggesting that the specific interaction between 1993). MinC is normally expressed as part of the Min system to prevent minicell formation (de Boer et al., FtsZ and ZipA that is observed in vitro also occurs in vivo. An increased concentration of ZipA might cause 1989). SfiA is induced only in a RecA-dependent manner as part of the SOS response to DNA damage, and was a decrease in the concentration of FtsZ that is not bound 
ZipA Is Essential for Viability
To study the function of ZipA, we constructed strains in which the chromosomal zipA ϩ allele was replaced by a zipA-null allele (zipA::aph). To obtain this allele, a portion of zipA on pDB315 [repA ts , zipA] was first replaced with the kanamycin resistance gene aph ( Figure  4a ). The resulting plasmid, pDB324 [repA ts , zipA::aph] , no longer blocked cell division of host cells at 32ЊC (Table 1) , confirming the loss of zipA activity. The zipA ϩ allele of strain PB103 was next replaced with zipA::aph by homologous recombination as described (Hamilton et al., 1989) , except that the resolution step was performed in the presence of pZAQ [ftsQAZ] to suppress the lethal effect of multiple zipA copies in cells in which the desired allele exchange had occurred.
The resulting strain, CH4/pDB315/pZAQ [zipA::aph/ repA ts , zipA/ftsQAZ], carried the zipA::aph allele in the chromosome, the zipA ϩ allele on the temperature-sensitive plasmid pDB315, and extra copies of ftsZ on pZAQ. Attempts to cure this strain of pDB315 by growth at a nonpermissive temperature (42ЊC) were unsuccessful, indicating that zipA is an essential gene at 42ЊC. We next attempted to introduce zipA::aph into the chromosome of PB103 by P1-mediated transduction at 32ЊC. Whereas transductants were readily obtained when cells carried extra copies of zipA on plasmids, attempts to transduce PB103 lacking such plasmids were unsuccessful (not shown). This indicated that zipA is also es- The phenotypic effects of ZipA depletion were best dem- ftsZ] and its isogenic zipA-null derivative, CH5/pCH32 promotion from undefined vector sequences, and ftsZ 150 min and staining with DAPI. The cultures shown in (e) and (f) were also used to prepare samples for lanes 3 and 4, respectively, transcription originates from within zipA (not shown).
of Figure 1d .
At 32ЊC, septum formation in both CH3/pCH32 and CH5/pCH32 proceeded unimpaired, and both strains produced a small number of minicells due to overexpression of ftsZ by the plasmid (Figure 5e ; Table 3 ). to ZipA. This in turn might interfere with other activities of FtsZ, resulting in a division block that could simply Upon a shift to 42ЊC, CH3/pCH32 continued to divide, except that the formation of polar septa stopped (Table  be removed by an increase in the FtsZ concentration. 3), indicating the expected loss of the plasmid and a CH50 [Plac:: zipA-gfpS65T], encoding GfpS65T fused to the C-terminus of ZipA (Figure 4a ). Growth of PB103 return to the normal level of cellular FtsZ. In contrast, (CH50) in the presence of more than 50 M IPTG led CH5/pCH32 quickly ceased all division at 42ЊC (Figure to a block in cell division that could be suppressed by 5f; Table 3 ). As was the case after ZipA overexpression, overexpression of FtsZ. This indicated that the ZipAthe resulting filaments showed no sign of partial conGfpS65T protein had retained the ability of native ZipA strictions, suggesting a block at an early stage of septum to interact with FtsZ, a finding we confirmed by affinity formation. The inability to divide correlated with a depleblotting. The fusion failed to correct the chromosomal tion of ZipA as determined by affinity blotting. As shown zipA::aph allele, however, suggesting that attachment in Figure 1d , the ZipA level in CH5/pCH32 cells at 32ЊC of the Gfp moiety interfered with some other essential (lane 3) was roughly equal to half that of wild-type control function of ZipA (not shown).
cells (lane 5). However, ZipA became undetectable in
When grown in the presence of less than 50 M IPTG, CH5/pCH32 after 4.5 hr of growth at 42ЊC (lane 4), a the division phenotype of PB103(CH50) appeared norpoint when division had stopped completely (see Figure  mal . Strikingly, fluorescence and differential interfer5f). In comparison, the ZipA concentration in CH3/ ence-contrast microscopy showed that the distribution pCH32 at 42ЊC (lane 2) equalled that of wild-type cells of ZipA-GfpS65T was restricted to a narrow ring at the (lane 5). These results indicated that E. coli cannot form site of cell division ( Figure 6 ). When cells were viewed at division septa in the absence of ZipA.
an angle perpendicular to their long axis, the fluorescent During this study, we found that zipA and lig are partly signal appeared as a bright and narrow zone that ran cotranscribed (unpublished data). This is notable in that across the width of the cells (Figures 6a-6d ). The ringthis is the first example in which genes for cell division shape of this signal, however, could clearly be discerned and DNA replication appear to be coregulated, but it in cells that were either viewed head-on (Figure 6e ) or also raises the possibility that a defect in DNA-ligase from variable angles (6f-6j). activity secondarily contributed to the division defect of Several observations indicated that the fluorescent zipA::aph cells at 42ЊC. To rule this out, we tested the ring was associated with the division machinery of the ability of a temperature-resistant variant of pCH32 cell. The ring was invariably located in the middle of (pCH34) to complement the zipA::aph-null allele of strain cells and, in dividing cells, always coincided with the site CH5. As indicated in Figure 5g and Table 3 , cell division of cell wall constriction (Figures 6a-6c) . Furthermore, the in CH5/pCH34 [zipA::aph/repA, zipA, ftsZ] proceeded diameter of the ring was inversely correlated with the undisturbed at both 32ЊC and 42ЊC, demonstrating that stage of progression of cell wall invagination, indicating the division block in CH5/pCH32 [zipA::aph / repA ts , that ZipA-GfpS65T was located at the leading edge of zipA, ftsZ] at 42ЊC was not caused by a possible defect the ingrowing septum (Figures 6a-6c) . In deeply conin ligase activity, but was due to depletion of ZipA. stricted cells, fluorescence often emanated from a pointThis finding was further supported by the observation like source in between the nascent daughter cells ( Figure  that ZipA Ϫ filaments showed the expected number and 6c). Even in very young cells, however, the protein was distribution of nucleoids after staining with the fluoresabsent from the cell poles, suggesting that it rapidly cent dye DAPI (Figure 5h) . We conclude that the division disappeared from these sites after septal closure (Figdefect in (Figures 6a and 6b ) and sometimes even in the When expressed in E. coli, a bright variant (GfpS65T) of middle of one (Figure 6d ) or both (Figure 6a ) of a pair Green Fluorescent Protein (Heim et al., 1995) did not of sister cells that appeared to be still attached to each affect the division phenotype and was evenly distributed other. in the cytoplasm (not shown). To examine the subcellular Assuming that the distribution of the fusion protein reflects that of native ZipA, these observations imply location of ZipA, PB103 was lysogenized with phage that ZipA assembles into a ring structure early in the molecules, which are inserted in the cytoplasmic membrane at regular intervals along the septal ring. By comdivision cycle, well before septal invagination is visible, and that the protein remains associated with the leading paring the radioactivity in lanes 1 and 5-7 in Figure 1b , and assuming that ZipA represented 2%-20% of total edge of the developing septum until a very late stage in the process. The subcellular location of ZipA thus protein in lane 5 of Figure 1a , it can be estimated that ZipA is normally present at 10 2 -10 3 copies per cell. Since largely coincides with that previously established for FtsZ (Bi and Lutkenhaus, 1991; Addinall et al., 1996) , FtsZ is present at ‫01ف‬ 4 copies per cell (Bi and Lutkenhaus, 1991; Pla et al., 1991) , this suggests that at least indicating that the two proteins interact primarily at the site of division.
10 molecules of FtsZ are available for each molecule of ZipA. It is not known whether the FtsZ ring consists of one large or of multiple smaller polymeric molecules. In Discussion the former, ZipA would be expected to contact internal In this study, we have identified the E. coli ZipA protein and have provided biochemical, genetic, and morphological evidence that ZipA is a new and essential division factor that interacts directly with the key division protein FtsZ. The discovery of the FtsZ ring (Bi and Lutkenhaus, 1991) provided the first morphological evidence for the existence of a specialized cell structure (or organelle) that mediates the division of bacterial cells. By localizing ZipA to this structure, our results not only strongly support this notion, but also demonstrate that it consists of multiple components.
It is likely that some or all of the other division proteins are also part of this structure, and the results of this and previous studies (de Boer et al., 1990a ; Donachie, is directly bound to the cytoplasmic domain of ZipA subunits of the FtsZ filament, whereas in the latter, ZipA turn, invaginates passively through its covalent linkage with the murein layer by murein lipoprotein (de Boer et might interact with terminal subunits.
In contrast to ZipA, the other integral membrane proal., 1990a). ZipA could play several roles as part of such a mechanism. By connecting FtsZ with the cytoplasmic teins represented in Figure 7 are either bitopic species of type II, with small N-terminal domains in the cytomembrane, ZipA may simply be required to transduce the force generated by the FtsZ ring to the lipid bilayer. plasm and the bulk of the proteins residing in the periplasmic space (FtsI, L, N, and Q), or polytopic species Alternatively, the protein may be actively involved in contraction of the FtsZ ring and/or in coordinating the that traverse the lipid bilayer multiple times (FtsW and FtsK) (Khattar et al., 1994; Begg et al., 1995; Lutkenhaus activity of FtsZ in the cytoplasm with that of the peptidoglycan-synthesizing machinery in the periplasm. and Mukherjee, 1996) . FtsA, furthermore, is a peripheral membrane protein that appears to belong to a family of Further work is required to test these possibilities. A determination of the exact role(s) of ZipA within the ATPases that also includes actin, sugar kinases, and Hsp70 proteins (Sá nchez et al., 1994) . FtsI is known septal ring structure is likely to provide valuable new insights into the mode of assembly, the molecular archito be a unique penicillin-binding protein (PBP3) whose murein synthetase activity is specifically required for tecture, and/or the biochemical activities of this still enigmatic cytoskeletal-like organelle in bacteria. septum formation (Park, 1996) . The molecular functions of FtsA, K, L, N, Q, and W in the division process have filaments, as well as by the striking observation that Cells were grown in LB medium which, where relevant, was supplefluorescent ZipA-Gfp rings were already present in very mented with antibiotics at a concentration of 12.5 g/ml (tetracycline), 25 g/ml (chloramphenicol), or 50 g/ml (ampicillin, kanamyyoung cells. This latter observation not only indicates cin, spectinomycin). Plasmids pZAQ (Ward and Lutkenhaus, 1985) , that assembly of the septal ring is initiated well before pMAK700 (Hamilton et al., 1989 ), pDB193 (de Boer et al., 1992b cell wall invagination becomes visible, but also that ZipA and pZC100 (Zhao et al., 1995) that FtsZ ring structures form earlier than previously anticipated (Addinall et al., 1996) . In this latter study,
Affinity Blotting
HFKT-tagged proteins were expressed in strain HMS174(DE3)/ FtsZ rings were detected in about the same fraction plysS containing either pDR10 or pDB311, and purified by nickel of cells from an exponentially growing culture as was chelation chromatography as described (pET system manual, Novaobserved for the ZipA rings in the present study. This is an attractive possibility, it is also possible that ZipA HFKT-MinE and 5.0-8.0 ϫ 10 6 cpm/g HFKT-FtsZ. To prepare samples for affinity blotting, whole cells or cell fractions were adjusted is recruited to the septal ring only after the FtsZ ring is to 62.5 mM Tris-Cl(pH ϭ 6.6), 2% SDS, 10% glycerol, 0.7 M already formed or that both proteins localize simultane-␤-mercaptoethanol, and incubated at 95ЊC for 5 min. Samples were ously after complex formation at random positions on next subjected to conventional SDS-PAGE and electrophoretic the cytoplasmic membrane.
transfer to nitrocellulose filter (0.2 ). Filters were rinsed in water, As suggested by the continued association of the dried in air, and incubated at 4ЊC in, successively, HBB buffer (25 ZipA-GfpS65T fusion protein with the invaginating sepmM HEPES-KOH, 25 mM NaCl, 5 mM MgCl2, 1 mM DTT, pH ϭ 7.7) for 1 min, HBB containing 5% nonfat dried milk and 0.05% tum, ZipA may also play an important role during the for 60 min, HBB with 1% nonfat dried milk and 0.02% NP-40 for 30 constriction process. In one plausible model for the min, and Hyb buffer (20 mM HEPES-KOH, 50 mM KCL, 0.1 mM mechanism of cell wall invagination, contraction of EDTA, 2.5 mM MgCl 2 , 0.1 mM ATP, 1% nonfat dried milk, 0.02 % the FtsZ ring drives the process by pulling the cyto-NP-40, 1 mM DTT, pH ϭ 7.7) containing 275,000 cpm/ml labeled plasmic membrane inward. This must be coordinated protein for 16 hr. Filters were washed in Hyb buffer without labeled with the activity of PBP3, which lays down septal murein protein (for 7, 5, and 2 min, successively), dried, and analyzed by exposing X-ray film.
on the retracting membrane. The outer membrane, in
Membrane Fractionation
Timothy Nilsen and Robert Hogg for critical comments on the manuscript. This work was supported by start-up funds from the departExponentially grown cells (OD600 ϭ 1.0) from a 1 l culture were resuspended in 9.0 ml of cold CBB buffer (20 mM Tris-Cl, 25 mM NaCl, ment, an NSF young investigator award, an ACS grant (Ohio division), and generous donations from The Frank K. Griesinger Trust, 5 mM EDTA, 3.6 mM ␤-mercaptoethanol, pH ϭ 8.0), and broken in a French pressure cell. The homogenate was subjected to centrifuThe Elizabeth M. and William C. Treuhaft Fund, Mr. James S. Blank, and Dr. Theodore J. Castele. gation at 200,000 ϫ g for 1 hr at 8ЊC, and the pellet fraction (crude membrane) was resuspended in 2.0 ml of CBB by sonication. To study the solubilization of ZipA (Figures 2a and 2b) , crude membrane Received October 18, 1996; revised November 27, 1996. of PB103 was further treated by adjusting the volumes of 0.1 ml aliquots (5.4 mg protein) to 0.5 ml with CBB alone, or with CBB References containing either 6.0 M urea, 0.5% Triton X-100, or 0.2% Sarkosyl (final concentrations). The mixtures were gently shaken at 21ЊC for Addinall, S.G., Bi, E., and . FtsZ ring formation 1 hr and subjected to centrifugation as above. Pellet fractions were in fts mutants. J. Bacteriol. 178, 3877-3884. resuspended in 0.5 ml CBB, and equal volumes of soluble and Baumann, P., and Jackson, S.P. (1996) . An archaebacterial homoinsoluble material were used for affinity blotting. Crude membrane logue of the essential eubacterial cell division protein FtsZ. Proc. was further fractionated by successive sedimentation (SG1) and Natl. Acad. Sci. USA 93, 6726-6730. flotation (SG2) centrifugation, essentially as described (Ishidate et Begg, K.J., Dewar, S.J., and Donachie, W.D. (1995) . A new Escheal., 1986) . The lanes in Figures 2d and 2e contained 3 g (lanes 7 ), richia coli cell division gene, ftsK. J. Bacteriol. 177, 6211-6222. 4 g (lanes 3), 10 g (lanes 6), 16.5 g (lanes 8), 18 g (lanes 1 and 2), and 20 g (lanes 4 and 5) protein, respectively. These values Bi, E., and Lutkenhaus, J. (1991 , et al. (1996) . Complete genome sequence of the methanodescribed (Blanar and Rutter, 1992) . Seven independent clones were genic archaeon Methanococcus jannaschii. Science 273, 1058-isolated, and the inserts were analyzed by restriction mapping and 1073. Southern blot analyses. All seven phages contained the zipA gene on a 1733 bp BamHI-HindIII fragment that was completely sequenced.
Byrne, C.R., Monroe, R.S., Ward, K.A., and Kredich, N.M. (1988) . Sequencing, sequence analyses, and database searches were per-DNA sequences of the cysK regions of Salmonella typhimurium and formed as described before (de Boer et al., 1989) .
Escherichia coli and linkage of the cysK regions to ptsH. J. Bacteriol. 170, 3150-3157.
Microscopy
Dai, K., and Lutkenhaus, J. (1992) . The proper ratio of FtsZ to FtsA Phase micrographs were obtained as described previously (de Boer is required for cell division to occur in Escherichia coli. J. Bacteriol. et al., 1989) . To stain the nucleoids of strain CH4/pCH32 [zipA::aph/ 174, 6145-6151. repA ts , zipA ϩ , ftsZ ϩ ], an overnight culture was diluted 1000-fold in de Boer, P.A.J., Crossley, R.E., and Rothfield, L.I. (1989) . A division fresh LB medium and incubated at 32ЊC for 1 hr. The temperature inhibitor and a topological specificity factor coded for by the minicell was raised to 42ЊC for 2.5 hr, and cloramphenicol was added to 0.5 locus determine proper placement of the division septum in E. coli. mg/ml. After an additional 30 min at 42ЊC, glutaraldehyde was added Cell 56, 641-649. to 0.2%, and the mixture was placed on ice for 30 min. Cells were de Boer, P.A.J., Cook, W.R., and Rothfield, L.I. (1990a). Bacterial collected by centrifugation, resuspended in 0.5 ml of ice-cold methacell division. Annu. Rev. Genet. 24, 249-274. nol, and stored at 4ЊC for 16 hr. After centrifugation, cells were de Boer, P.A.J., Crossley, R.E., and Rothfield, L.I. (1990b) . Central resuspended in 0.1 ml of water, mixed with 4Ј,6-diamidino-2-phenylrole for the Escherichia coli minC gene product in two different cell indole (DAPI) to 0.03 g/ml, and immediately applied to a poly-Ldivision-inhibition systems. Proc. Natl. Acad. Sci. USA 87, 1129-lysine-coated microscope slide. Cells were viewed with an Olympus 1133. BX60 fluorescence microscope, using a UplanApo (100 ϫ, NAϭ1.35) objective, a 400 nm dichroic mirror, a 360-370 nm excitation filter, de Boer, P., Crossley, R., and Rothfield, L. (1992a) . The essential and a 420 nm barrier filter. Using this method, nucleoids appeared bacterial cell-division protein FtsZ is a GTPase. Nature 359, 254-256. as bright blue bodies within reddish-brown cells.
de Boer, P.A.J., Crossley, R.E., and Rothfield, L.I. (1992b). Roles of To sublocalize the ZipA-GfpS65T protein, strain PB103(CH50) MinC and MinD in the site-specific septation block mediated by the was grown at 30ЊC in the presence of 25 M IPTG. The doubling MinCDE system of Escherichia coli. J. Bacteriol. 174, 63-70. time was 44 min. At OD600 ϭ 0.7-0.9, cells were examined either Descoteaux, A., and Drapeau, G.R. (1987) . Regulation of cell division immediately (live cells), or after chemical fixation with 0.1% glutaralin Escherichia coli K-12: Probable interactions among proteins FtsQ, dehyde and 2.0% formaldehyde (45 min, 4ЊC), followed by resuspenFtsA, and FtsZ. J. Bacteriol. 169, 1938 Bacteriol. 169, -1942 . sion in 0.9% saline. Cells were viewed with a plan-NEOFLUAR (100 ϫ, NA ϭ 1.3) objective on a Zeiss Axioplan epifluorescent Dewar, S.J., Begg, K.J., and Donachie, W.D. (1992) . Inhibition of cell microscope equipped with a cooled CCD camera (Photometrics).
division initiation by an imbalance in the ratio of FtsA to FtsZ. J. Fluorescent images were obtained using a 510 nm dichroic mirror, Bacteriol. 174, 6314-6316. a 450-490 nm excitation filter, and a 515-565 nm barrier filter. DIC Donachie, W.D. (1993) . The cell cycle of Escherichia coli. Annu. Rev. images were obtained using Nomarski optics. Digital images were Microbiol. 47, . acquired using CCD Image Capture (Yale University) and imported Erickson, H.P. (1995) . FtsZ, a prokaryotic homolog of tubulin? Cell into Adobe Photoshop (Adobe Systems) for the composition of Fig-80 , 367-370. ure 6.
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